I magine molecular gears that oscillate against each other as they are stimulated by the addition or removal of a single electron, 1 or a domino-like arrangement of molecules in which a small perturbation on one end initiates a molecular-mechanical cascade that ripples through the whole assembly in a predetermined fashion. 2 Imagine a wire in which the presence or absence of a single atom dominates the electrical conductivity, 3 or in which a biomolecular recognition process is used to open up new conductivity pathways. 4 These descriptions are respectively those of a molecular-mechanical switch that forms the basis of a random access memory circuit, a molecular-based three-input mechanical Boolean sorter, a single-molecule electrically or magnetically gated switch, and a single-stranded DNA wire that is "turned on" by hybridization of the DNA into the double-stranded form. These molecular systems, and a host of other equally diverse chemical species, are principal actors in the rapidly emerging field of molecular electronics.
Molecules have not historically played a prominent role in electronic devices. Ten years ago, chemical applications were limited to the use of small molecules such as silanes (Si x H y ) and germanes (Ge x H y ) as thin-film precursors or as the components of etching processes, resist precursors, packaging materials, and the like. Engineered inorganic insulators, semiconductors, and metals were the heart of the industry, and the fundamental knowledge that gave birth to the integrated circuit was appropriately credited back to the fundamental solid-state physics that was largely developed in the mid-20th century.
Over the past decade, the picture has not changed much. Conducting polymers have emerged as a real, albeit still minor, technology. However, over the next 10-20 years, molecules may be increasingly viewed not just as the starting points for bulk electronic materials, but as the active device components within electronic circuitry (see, for instance, figure 1 ). Although this possibility is hardly a foregone conclusion, a number of fundamental issues favor the development of a true molecular-based electronics.
Consider the lattice of nanowires 5 in the electron micrograph of figure 2. Each wire is 5 nm in diameter, and the lattice constant is 15 nm. At a typical doping level of 10 18 atoms of boron or arsenic per cubic centimeter, similar 5-nm diameter, micron-long segments of silicon wires would have 15-20 dopant atoms, and a junction of two crossed wires would contain, on average, approximately 0.1 dopant atom. Consequently, field-effect transistors fabricated at these wiring densities might exhibit nonstatistical, and perhaps unpredictable, behavior. Other concerns, such as the gate oxide thickness, power consumption (just from leakage currents through the gate oxide), and fabrication costs, also highlight the difficulty of scaling standard electronics materials to molecular dimensions. 6 At device areas of a few tens of square nanometers, molecules have an inherent attractiveness because of their size, because they represent the ultimate in terms of atomic control over physical properties, and because of the diversity of properties-such as switching, dynamic organization, and recognition-that can be achieved through such control.
Although molecular electronics has been the subject of research for some time, over the past few years a number of synthetic and quantum chemists, physicists, engineers, and other researchers have sharply increased the ranks of this field. Several new molecular-electronic systems, analytical tools, and device architectures have been introduced and explored. As a result, the basic science on which a molecular electronics technology would be built is now unfolding, and the science and applications that are emerging are tremendously exciting. For example, current research is using molecules in such electronics applications as interconnects, switches, rectifiers, transistors, nonlinear components, dielectrics, photovoltaics, and memories. Excellent reviews of this field are available. 7 In this article, we focus on the current state of the art in one area of molecular electronics, with an emphasis on the relationship between molecular structure and electrical conductance and on the use of molecules for computational applications. The essential science in these areas reflects the broader field of molecular electronics, and although certain fundamental challenges have been faced, many others must still be overcome.
Why molecular electronics?
Essentially all electronic processes in nature, from photosynthesis to signal transduction, occur in molecular structures. For electronics applications, molecular structures have four major advantages:
Size. The size scale of molecules is between 1 and 100 nm, a scale that permits functional nanostructures with accompanying advantages in cost, efficiency, and power dissipation.
Assembly and recognition. One can exploit specific intermolecular interactions to form structures by nanoscale self-assembly. Molecular recognition can be used to modify electronic behavior, providing both switching and sensing capabilities on the single-molecule scale.
Dynamical stereochemistry. Many molecules have multiple distinct stable geometric structures or isomers (an example is the rotaxane molecule in figure 3d, in which a rectangular slider has two stable binding sites along a linear track). Such geometric isomers can have distinct optical and electronic properties. For example, the retinal molecule switches between two stable structures, a process that transduces light into a chemoelectrical pulse and allows vision.
Synthetic tailorability. By choice of composition and geometry, one can extensively vary a molecule's transport, binding, optical, and structural properties. The tools of molecular synthesis are highly developed.
Molecules have disadvantages, though, such as instability at high temperatures. But overall, the four advantages render molecules ideal for electronics applications, as Richard Feynman noted in his famous 1959 speech, "There is Plenty of Room at the Bottom."
Mechanisms of molecular charge transport
The synthesis and characterization of molecules are endeavors typically conducted in solution. Decades of research have given chemists intuitive models that serve as a guide for using synthetic control to design physical properties into a molecule. A key challenge in molecular electronics is to translate that solution-phase intuition into a solid-state device setting. Certain molecular structures have emerged as models for relating intramolecular electron transfer rates in solution to solid-state molecular junction conductance.
A picture of electron transport through molecular devices is emerging, and it couldn't be more different from what is observed for more traditional conductors. Disregard, for the moment, the details of the electrical contact. In a semiconductor or metal wire, charge transport is ohmic: For a given wire diameter, longer wires have proportionately higher resistance. Such a picture is usually wrong for molecules because of the localized nature of most molecular electronic states.
Consider the energy diagrams of figure 3 , in which four types of molecular-electronic junctions are represented, with examples of molecular structures. In figure 3a, one electrode functions as an electron donor and the other as an electron acceptor. The electrodes are bridged by a linear chain (an alkane). In 1961, Harden McConnell wrote down the rate constant for electron transfer across a molecular bridge: k ET ⊂ Ae -bl , where l is the bridge length and b is an energy-dependent parameter characterizing the molecule. For alkanes up to a certain length and for small applied voltages, this approximation works well: Current through a junction decreases exponentially with increasing chain length, and the alkane effectively serves as a simple energy barrier separating the two electrodes.
The possible mechanisms for electron transport are much richer for the electron donor-bridge-electron acceptor (DBA) molecular junction of figure 3b. DBA complexes serve as models for understanding how charge transport mechanisms in solution translate into the conductivity of solid-state molecular junctions. In DBA complexes, the donor and acceptor sites are part of the molecule, and the lowest unoccupied sites on the donor and acceptor components are separated from one another by a bridging component that has molecular orbitals of differing energy. In a process called electron-type superexchange, electrons that tunnel from the right electrode into the acceptor state when a bias is applied may coherently transfer to the donor state before tunneling to the left electrode. Alternatively, in hole-type superexchange, the tunneling from the molecule into the left electrode might occur first, followed by refilling of the molecular level from the right. In fact, both processes will occur, and it is their relative rates that determine the nature of coherent conductance through a DBA junction. 7 A third possibility is that an electron from the donor can jump to the acceptor due to either thermal or electrical excitation. That incoherent, diffusive process is quite closely related to ohmic charge flow. DBA junctions illustrate some of the beauty and richness of molecular electronics. From a chemist's perspective, the diversity of conduction mechanisms represents an opportunity to manipulate the electrical properties of junctions through synthetic modification. The observed conduction in DBA molecular junctions usually differs radically from that in traditional ohmic wires and can more closely resemble coherent transport in mesoscopic structures. Key factors include a dependence on the rates of intramolecular electron transfer between the donor and acceptor sites. This dependence can be exploited: The donor and acceptor components could be designed to differ energetically from one another (as in figure 3b ), so that even with no applied bias voltage, the energy landscape is asymmetric. Under some conditions, the conductance of a DBA junction can vary with the sign of the applied voltage; such junctions represent a molecular approach toward controlling current rectification. 8 The competition between charge transport mechanisms through a DBA molecule can also be affected by the bridge. Shorter bridges produce larger amounts of wavefunction overlap between the donor and acceptor molecular orbitals. For a short bridge (5-10 Å), the superexchange mechanism will almost always dominate. For sufficiently long bridges, the hopping mechanism will almost always dominate. The molecular structure of the bridge can be synthetically varied to control the relative importance of the two mechanisms. For example, in a bridge containing conjugated double bonds, low-lying unoccupied electronic states within the bridge will decrease in energy with increasing bridge length (E B of figure 3b is lowered) and will thereby decrease the activation barrier to hopping. Because double bonds, both in chains and in rings, facilitate charge delocalization, they are very common in molecular electronics.
Certain molecules will isomerize-that is, change shape-upon receiving a charge or being placed in a strong field, and in many cases, such transformations can be highly controlled. Different molecular isomers are characterized by different energies and possibly by different relative rates for the hopping and superexchange transport mechanisms. Driven molecular isomerization therefore presents opportunities for designing switches and other active device elements. 1 Molecular quantum dots (figure 3c) represent a simpler energy level system than DBA junctions, and have become the model systems for investigating basic phenomena such as molecule-electrode interactions and quantum effects in charge transport through molecular junctions. devices utilized mechanical break junctions-essentially a fractured gold wire that forms a pair of electrodes-in a two-terminal device configuration. 9 Although those experiments were a tour de force in terms of device preparation, small structural variations from device to device, which translate into large conductance changes, make quantitative interpretation of the data very difficult. More recent experiments have employed an electrical break junction together with a gate electrode. The gate can be used to tune the molecular energy levels with respect to the Fermi levels of the electrodes and thus somewhat normalize the device-to-device fluctuations that often characterize twoelectrode measurements. An equally important advantage is that the gated measurements, when carried out at low temperatures, can resolve the molecular energy levels to a few meV. Such resolution allows, for example, measure-ments of the signatures of electron-vibration coupling.
Two recent papers reported on a unique quantum effect known as a Kondo resonance (see figure 4 ) in organic molecules containing paramagnetic metal atoms. 3 That this resonance was designed by chemical synthesis into two different molecules, and was observed in single-molecule transport measurements, represents a spectacular success for molecular electronics.
Electrode effects
The molecule-electrode interface is a critically important component of a molecular junction: It may limit current flow or completely modify the measured electrical response of the junction. Most experimental platforms for constructing molecular-electronic devices are based on practical considerations. This pragmatic approach is, in many ways, the boon and the bane of the field. For example, the sulfur-gold bond is a terrific chemical handle for forming self-assembled, robust organic monolayers on metal surfaces. Other methods, such as using a scanning probe tip to contact the molecule, are frequently employed, in part because they avoid processing steps that can damage or unpredictably modify the molecular component. Ideally, the choice of electrode materials would be based not on the ease of fabrication or measurement, but rather on firstprinciples considerations of molecule-electrode interactions. However, the current state of the art for the theory of molecule-electrode interfaces is primitive.
Poor covalent bonding usually exists between the molecule and electrode. Consequently, at zero applied bias some charge must flow between molecule and electrode to equilibrate the chemical potential across the junction. That flow can cause partial charging of the molecule, and local charge buildup gives Schottky-like barriers to charge flow across the interface. Such barriers, which can partially or fully mask the electronic signature of the molecule, increase for larger electronegativity differences. For this reason-and others, including stability, reproducibility, and generality-chemical bonds such as carboncarbon or silicon-carbon will likely be preferred over sulfurgold linkages at the interfaces.
Very little theory exists that can adequately predict how the energy levels of the molecular orbitals will align with the Fermi energy of the electrode. Small changes in the energy levels can dramatically affect junction conductance, so understanding how the interface energy levels correlate is critical and demands both theoretical and experimental study. A related consideration involves how the chemical nature of the molecule-electrode interface affects the rest of 46 May 2003 Physics Today http://www.physicstoday.org
Observations of Kondo resonances are a triumph of molecular synthesis and junction fabrication. Plotted here is the differential conductance obtained as a function of bias voltage V b and gate voltage V g of a single divanadium molecule, connected to two electrodes and coupled to a gate electrode. The two vanadium atoms are separated by a short organic bridge (denoted as the two white spheres separated by a jagged line). Black indicates low conductance; yellow is high conductance. The two conductance-gap regions, labeled I and II, are bounded by two peaks that slope linearly with V g . The peaks cross for V g around 1 V, at which point the conductance gap vanishes. The sharp zero-bias peak in region I is a Kondo resonance, which results from the formation of a bound state arising from a quantum mechanical exchange interaction between an electron on the divanadium and the electrode. The resonance appears only when the electronic state of the divanadium has non-zero spin S.
Box 1. Current in an Elastic Molecular Wire Junction
T he simplest molecular wire structure comprises a molecule bonded (perhaps by a sulfur-gold, carbon-carbon or silicon-carbon bond) through a single atom to electrodes at the two molecular termini. Rolf Landauer stressed that charge can move through such a structure by elastic scattering-in other words, "conductance is scattering."
Mathematically, the Landauer formula is Here g is the conductance, e is the electron charge, h is Planck's constant, and T ij is the scattering probability from incoming channel i to outgoing channel j. If there is one open channel without scattering, g ⊂ 2e 2 /h ⊂ (12.8 kW) -1 , the quantum of conductance. If one generalizes the Landauer approach to a molecular wire at small voltages, 7 the conductance can be written as Here G M is the Green's function that characterizes electron scattering between ends of the molecule. The spectral densities G R and G L describe the effective mixing strength between molecule and electrode at the left and right ends, respectively. Electronic structure theory permits actual calculation of g, once the geometries are known. 7 the molecule. The zero-bias coherent conductance of a molecular junction may be described as a product of functions that describe the molecule's electronic structure and the molecule-electrode interfaces (see box 1 on page 46). However, the chemical interaction between the molecule and the electrode will likely modify the molecule's electron density in the vicinity of the contacting atoms and, in turn, modify the molecular energy levels or the barriers within the junction. The clear implication (and formal result) is that the molecular and interface functions are inseparable and thus must be considered as a single system. Figure 3d represents the case of two electrodes bridged by a large molecule containing several functional groups. Of the four junction types illustrated in figure 3 , this is the most general and interesting. Consider a protein that spans a cell membrane and shuttles information across that membrane. The protein self-assembles and selforients in the membrane; it recognizes and binds to other very specific proteins; it also might switch between two forms, only one of which will transmit the chemical signal. Proteins are large molecules, and, indeed, a certain molecular size is required to achieve such a rich combination of properties. The [2] rotaxane molecule shown in figure 3d might appear large and complex, but it is actually small and efficiently designed, given the set of mechanical, chemical, and electronic properties that have been built into it. DNA oligomers represent perhaps the best-studied experimental example of this category. In addition to its biological importance and its use as a synthetic component of molecular nanostructures, the DNA molecule is of interest as a charge transfer species. 4 Here the relationship between intramolecular electron transfer rates in solution and solid-state molecular junction transport becomes crucial to our understanding of transport processes. Connections to electrodes are also of great importance.
Conductance through DNA
Intramolecular electron transfer rates in DNA have been extensively investigated in solution, and it is now becoming clear that the underlying processes exhibit a large mechanistic diversity. In general, for very short-distance motion (over a few base pairs), coherent tunneling can occur. For transfer over more than six or seven base pairs, inelastic hopping has been strongly suggested. The fundamental motion of electrons or holes from one site to another very broadly follows the standard model developed by Rudy Marcus, Noel Hush, and Joshua Jortner for charge transfer rates. The model assumes that for a charge tunneling from a donor to an acceptor site, the tunneling parameters-the height and width of the tunnel barrierare modulated by interactions with a bath of harmonic oscillators that account for the chemical environment. An exponential decay in the conductance with increasing distance has been seen directly in DNA molecules folded into hairpin shapes, and the transition to incoherent hopping has been seen in measurements of the efficiency with which holes are transferred along the molecule. The rich mechanistic palette observed for DNA charge transfer is becoming well understood due to elegant experiments and theory (see, for instance, figure 5 ). 4, 10 Indeed, the early suggestions that, because of its broad range of mechanistic possibilities, DNA might act as a paradigm for electron transfer generally seem to be correct.
Electrical transport in DNA molecular junctions is much messier-as should be true for any molecular junction of the type represented in figure 3d . If the measurements and systems were well defined, the junction conductance through functionally diverse molecular systems would still be complex. Electrode mixing, structural dynamics and disorder, geometric reorganization, and sample preparation all add to the intricacies. As a result, the measurements are difficult to interpret, and appropriate extensions to theory are not really available. For example, in the past two years, reports in reputable journals have stated that DNA acts as an insulator, a semiconductor, a metal, and a superconductor.
Most probably, transport in DNA junctions will show that the molecule (or at least naturally occurring DNA) is essentially a wide-bandgap semiconductor characterized by localized hole hopping between the low-energy guaninecytosine (GC) pairs (G yields the most stable positive ion). Because the bandgap is large, DNA appears uncolored and long-range coherent charge motion is improbable. Significant effects should arise from various other processes, such as polaron-type hopping, in which charge motion is accompanied by molecular distortion; Anderson-type charge localization, caused by the difference in energy between electrons localized on GC and adenosine-thymine (AT) pairs; structural reorganization; counter-ion motion; and solvent dynamics. The available data are, more or less, consistent with the suggestion by Cees Dekker and his collaborators that DNA is a wide-bandgap semiconductor 11 that can exhibit activated transport for relatively short distances (less than 10 nm or so) but effectively behaves as an insulator at distances exceeding 20 nm. The complexity and richness of DNA junction behavior typify the challenge that the molecular electronics community faces in predicting and understanding transport in molecular junctions.
Molecular electronics circuits
The power of chemical synthesis to design specific and perhaps even useful device behaviors is rapidly being realized. receiving quite a bit of attention both from computer scientists (who have published largely in the patent literature) and from experimentalists; progress toward identifying and constructing working molecular electronics circuitry has advanced quickly. The proposed circuit architectures have attempted to deal with five key issues: scalability to near molecular dimensions; tolerance of manufacturing defects; introduction of nontraditional fabrication methods, such as chemically directed assembly; bridging between device densities potentially achievable at the molecular scale and those associated with standard lithography; and fabrication simplicity.
The dominant circuit structure that has arisen from those considerations is the crossbar, 12 which is essentially an expanded ticktacktoe board formed from wires and having individual molecular or molecular-scale devices sandwiched within the junctions. The crossbar is an intrinsically versatile circuit and is tolerant of manufacturing defects. Both memory and logic circuits have been demonstrated from molecular electronics and nanowire crossbars. 1, 13 A rapidly developing area of architectural research involves stitching together a patchwork quilt of different types of crossbars with the goal of configuring an efficient computational platform. 14 Box 2 (above) illustrates how such a patchwork integrated-circuit architecture might be laid out and presents some detail on the simplest of the circuit components-a molecular-electronic random access memory. This particular circuit satisfies all five of the key architecture issues.
The future of molecular electronics
The fundamental challenges of realizing a true molecularelectronics technology are daunting. Controlled fabrication to within specified tolerances-and its experimental verification-is a particular problem. Self-assembly schemes based on molecular recognition will be crucial for that task. Fully reproducible measurements of junction conductance are just beginning in labs at Cornell, Harvard, Delft, Purdue, Yale, and Karlsruhe Universities and at the Naval Research Laboratory and other centers.
There is a real need for robust modeling methods to bridge the gap between the synthesis and understanding of molecules in solution and the performance of solid-state molecular devices. Additional challenges involve finding fabrication approaches that can couple the densities achievable through lithography with those achievable through molecular assembly. Controlling the properties of molecule-electrode interfaces and constructing molecularelectronic devices that can exhibit signal gain are also problems.
O ne of the most attractive architectures for designing molecular-electronics circuits for computational applications and interfacing them to the macroscopic world is the crossbar. The general concept is shown on the left, where a sort of patchwork quilt of logic, memory, and signal routing circuits is laid out. The simplest of these circuits-and one that has been experimentally demonstrated-is a memory circuit.
The memory, shown on the right, consists of two major components. The central crossbar-the crossing of 16 vertical and 16 horizontal black wires-constitutes a 256-bit memory circuit. Bistable molecular switches are sandwiched at the crossings of the densely patterned nanowires, and each junction can store a single bit.
Each set of the larger blue wires is arranged into what is called a binary tree multiplexer. The multiplexers here adopt some interesting architectural variations that allow them to bridge from the micron or submicron scale of the blue wires to the nanometer scale of the black wires. Each multiplexer consists of four sets of complementary wire pairs, designed to address 2 4 nanowires. The scaling is logarithmic: 2 10 nanowires, for example, would require only 10 wire pairs for each multiplexer. One wire within each pair has an inverted input; a "0" input, for example, sends one wire low and its complement high. Along each blue wire is a series of rectifying connections (gray bars) to the nanowires; each pair of wires has a complementary arrangement of connections. When a given address (0110, for example) is applied, the multiplexer acts as a four-input AND gate so that only when all four inputs are "high" does a given nanowire go high. The orange bars indicate how one wire (red) is selected by each multiplexer.
At the upper right is shown more detail for a multiplexer wire that selects a pattern of four connects followed by four opens. Note that the separation between the individual contacts is much larger than the pitch of the nanowires; that larger separation greatly reduces the fabrication demands. Note also that the frequencies of the patterns of connections are important, but not the absolute registry: Each nanowire is uniquely addressable, but the mapping of addresses to nanowires is not important. Those two characteristics allow the architecture to bridge the micron or submicron length scales of lithography to the nanometer length scales of molecular electronics and chemical assembly. 
Box 2. Crossbars and Demultiplexers

Memory
Rapid progress is being made to address these challenges. Voltage-gated, single-molecule devices may emerge as the high-resolution spectroscopy tool that will eventually link experiment and theory. Binary tree multiplexers, such as the one presented in box 2, have the potential to bridge submicron to nanometer length scales. 15 Nanowire field-effect transistors have demonstrated gain, and so the challenge may be one of integration of multiple device types rather than discovery of new devices. But no molecular electronics logic or memory device has been tested against any of the "ilities": reliability, temperature stability, and the like.
Many of the technology goals of molecular electronics, such as the computational applications discussed in this article, should probably be viewed as drivers for steering the field forward and for defining the critical and ratelimiting challenges that must be overcome. If, for example, someone does demonstrate a robust, energy-efficient computational platform based on molecular electronics, interfaced to the outside world, and fabricated at a device density between 10 11 and 10 12 cm -2 , we will have made so many fundamental advances that it would be surprising if some computational application is even the most useful result of such work. Interfaces to biosystems, ultradense single-molecule sensor arrays, and pathways toward molecular mechanical and nanomechanical devices are among the likely beneficiaries of the successful development of molecular-electronic integrated circuitry. 
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